The cassava core collection (601 genotypes) was evaluated for root and leaf contents of micronutrient minerals, ascorbic acid, and carotene. Wide genetic variability was observed for all measurements, indicating that there is good potential for exploiting and improving the nutritive value of cassava. There seems to be little correlation between the levels of any micronutrient in roots and leaves. There was no clear association between carotene and ascorbic acid concentrations. A genetic study of the progeny of a cross between yellow and white parents indicated control of the yellow trait by only two genes. The stability of vitamins after three commonly used processing procedures was evaluated in a sample of 26 genotypes. A higher proportion of the original vitamin content survived boiling, whereas solar drying resulted in the highest losses. Carotene was more stable than ascorbic acid. In a limited number of lines, there was some indication that higher vitamin content was associated with decreased post-harvest physiological deterioration. Since it is well established that β-carotene and ascorbic acid can enhance the absorption and internal transport of dietary iron and zinc from plant sources, yellow varieties of cassava have potential to address not only vitamin deficiencies per se, but also iron-deficiency anaemia and zinc deficiency. Further, the use of the leaves as a vegetable, as is done in several African countries, can complement the use of the root as a staple because of the high nutrient density of the leaves. The potential to improve the nutritive potential of cassava is exciting.
Background information
Cassava has traditionally been regarded as the poorest in nutritional quality of the staple foods. This is probably because of the low protein content of its storage roots, the primary edible product. However, cassava has considerable nutritional potential because its leaves can be used as well, and they have high protein concentration. Because both leaves and storage roots are used fresh, they also have the potential to supply both watersoluble and fat-soluble vitamins. The ongoing objective of the project is to assess the amounts of micronutrients in cassava and the degree of genetic variability that could be exploited to improve the micronutrient density and balance of nutrients through breeding. Cassava is an important staple food for 500 million people and is outstandingly adapted to poor soils and environments. Cassava will grow and can be relied on to produce food under conditions in which other staples would fail. Cassava is tolerant of acid and alkaline soils, low fertility, pests and diseases, and seasonal drought. High-cyanide types are resistant to animals, and the roots can be stored in the ground before harvesting for a considerable time as a drought reserve. All these features together justify an examination of how its nutritional value can be harnessed and improved.
Because yellow and orange types were known in Brazil and most staples have little carotenoid content, it was decided to begin with a study of the provitamin A content of cassava that is associated with root pigmentation. Subsequently, the mineral and vitamin C concentrations in roots and leaves were investigated, as well as vitamin A in leaves, and finally, a study of the effects of processing on vitamin A and C content was completed. The results are surprising.
Methods

The core collection
Of the 6,017 entries in the cassava germplasm bank, 601 clones have been selected to constitute the core collection. Selection was based on geographic and agronomic data from the site of collection and known relationships among the clones. Any kind of genetic variation survey can be carried out on this much smaller collection with a high probability that most variation will be represented in it. A survey of germplasm for any trait is thus efficiently managed. High values from a particular group in the core collection can be explored further by studying related material in the main collection to find more superior types.
Minerals
Because both genotype and soil type influence the mineral content of plant tissues, it was necessary to grow the core collection together at one site in order to compare the genetic differences without bias. Leaves were collected, dried, ground to powder, and sent to the analytical laboratory where the samples were analysed by inductively coupled plasma atomic-emission spectrometry [1] . All sample processing was carried out to avoid contamination from soil, which has iron concentrations up to 10,000 times higher than in plants.
Measurements of carotene and ascorbic acid concentrations
For carotene, the extraction procedure outlined by Safo-Katanga et al. [2] was adjusted by extracting root parenchyma with petroleum ether. The extraction protocol for leaves had to be modified because of the presence of tannins and chlorophyll. The adjusted protocol included several washing steps with methanol in order to minimize the interference from the other pigments that were present in the leaves. A random sample of 5 g was taken from the roots or leaves 10 to 11 months after planting. Quantification was performed by ultraviolet spectrophotometry. The protocol for the determination of ascorbic acid by Fung and Luk [3] was adjusted for cassava leaf and roots.
Stability of vitamin content after processing
The stability of vitamin content after solar drying of cassava flour, oven drying of cassava flour, and boiling fresh roots for 30 minutes was measured on 26 genotypes.
Correlation between vitamin content and PPD
Post-harvest physiological deterioration (PPD) was first measured (six days after harvest) on several genotypes whose root concentrations of ascorbic acid and carotene were known. The correlation between vitamin concentration and PPD was then measured.
Results
Trace mineral concentrations
Roots averaged 9.6 mg/kg of iron, 6.4 mg/kg of zinc, and 590 mg/kg of calcium on a dry matter basis (table 1) . Mineral concentrations in the leaves were much higher, averaging 94.4 mg/kg of iron, 51.6 mg/kg of zinc, and 12,324 mg/kg of calcium. These leaf concentration figures are much higher than those in most staples. Although the leaves are eaten as a vegetable with high water content and low mineral density, they supply high levels of minerals per calorie. The protein concentration in the leaves was 30%, and therefore leaf protein was an important supplement to protein from the roots, where the concentration was low. Considerable genetic progress could be made in improving protein in the roots, because the baseline is so low that doubling the concentration is unlikely to have a high yield cost.
Carotene and ascorbic acid concentrations
The inheritance of carotene concentration in cassava was studied in an F 2 population of a white × yellow cross [4] . The intensity of the root colour was found to be highly correlated with carotene concentration (table 2) . However, the range of genotypic variability in carotene content was quite high-0.6 to 2.4 mg of carotenes per 100 g of fresh root-even for deep yellow and orange roots. In fact, the range of carotene concentration within any particular root colour class (white, cream, yellow, deep yellow, or orange) was sufficiently high that a quantitative evaluation of carotene concentrations of clones preselected according to root parenchyma colour is justified. The inheritance of carotene concentration appears to be determined by two genes, one controlling the transport of the product of precursors to the roots, the other responsible for the accumulation process (table 3 ). The genes have epistatic effects (influence one other). Other major genes not segregating in the evaluated cross will have to be studied in the future, as well as genes with minor effects. The ascorbic acid concentration in leaf tissue ranged from 1.7 to 419 mg/100 g fresh weight (table 4), and the best lines had more than double the mean concentration. The concentrations of ascorbic acid in the roots were about a tenth of those in the leaves, but the best line had a concentration more than four times the median or mean concentrations. Both distributions were strongly skewed. However, there was no correlation between the ascorbic acid concentrations in the leaves and the roots (r = .045 based on 514 data points).
The carotene concentration in leaf tissue ranged from 23 to 86 mg/100 g fresh weight (table 4) , and, not unlike ascorbic acid, the best lines had nearly double the mean concentration. The concentrations of carotene in the roots were about a tenth of those in the leaves, but the best line had a concentration more than 40 times the median or mean concentrations, indicating considerable potential for selection and breeding. Both distributions were strongly skewed. However, again as for ascorbate, there was no correlation between the carotene concentrations in the leaves and the roots, nor was there any correlation between ascorbic acid and carotene, suggesting that the levels of these vitamins are independently inherited.
Stability of vitamin content after different processing procedures
The effects of different processing methods on carotene content were studied in a group of 28 genotypes. On average, boiling reduced carotene content the least (34%), followed by oven-drying to produce flour with a 44% reduction. The production of sun-dried flour reduced the carotene concentration to the lowest level Although the correlation among different processing methods across genotypes was significant, genotype-specific effects were sufficiently strong, however, genotypes with the highest carotene concentration in the fresh root controls were not the ones with the highest concentration after processing. Therefore, after routine screening for high β-carotene in fresh roots, a test of stability after different processing methods should also be carried out routinely. Although the carotene levels declined significantly during processing, considerable amounts of carotenes remained, particularly when oven-drying was carried out. These results support the findings of McDowell and Oduro [5] . Gari (a dry flour produced from cassava roots) obtained from yellow-root cultivars had concentrations of carotene up to 1.13 mg/100 g. It is, of course, also important to study how much carotene left after processing is bioavailable, once the cassava product is consumed. The recommended daily intake of vitamin A is 800 retinol equivalents (RE) for an adult woman [6] , or 4.8 mg/day on the basis of a 6 to 1 conversion ratio of β-carotene per retinol equivalent.
The carotene content was considerably stabler than that of ascorbic acid after the different processing procedures evaluated. On average, 50% of the original carotene content remained after boiling or drying the roots, whereas only 14% of the ascorbic acid was recovered after the same treatments. The ascorbic acid content showed a strong dependency on the processing method. The highest level of vitamin C (36.6% of the original) was retained after boiling, whereas oven and solar drying reduced the vitamin C content to 6.2% and 0.005% of the original levels, respectively.
Correlation between vitamin contents and PPD
In general, there were poor correlations between postharvest physiological deterioration (PPD) (measured in 30 genotypes after six days of storage) and vitamin concentrations in roots. The correlations between PPD and vitamin C or carotene concentrations in roots were -0.30 and -0.27, respectively. Although the correlations were statistically significant, they were nonconclusive. To further test the hypothesis that vitamin concentrations can help to reduce PPD (through their antioxidant capacity), an additional study was carried out with 400 genotypes. The correlation coefficient between carotene content and PPD remained negative, but was smaller (-0.16). However, for carotene concentrations below 0.5 mg/kg, there was no correlation between the two traits. At root concentrations higher than 0.5 mg/kg, PPD was always lower than 30%, suggesting a threshold effect.
Conclusions
It appears that cassava's reputation for poor nutritive value need not be so. First, there is substantial genetic variation that can be exploited to improve its micronutrient density and probably its protein content as well. Second, the use of the leaves as a vegetable along with the roots as staple, as is practised in Africa, can do much to balance the diet, especially for protein, micronutrients, and calcium. Third, cassava, because of its high-carotene germplasm, can deliver varieties with superior concentrations of iron, zinc, and provitamin A, to exploit the synergies that operate in absorption, internal transport, and function among these three micronutrients [7] . Like maize, but not wheat and rice, cassava is in a favourable position, in that it has highcarotene types to develop immediately. To do so requires the education of all sectors of the food system about the advantages of yellow staples over white. Cassava is further enhanced nutritively compared with the cereals, in that it also supplies significant vitamin C, which also enhances the absorption of iron in the human gut. Thus, although the iron concentration in cassava roots is not very high, if it is delivered in a root with high levels of zinc, carotene, and vitamin C, it should have high bioavailability. The challenge is to optimize this nutritive genetic potential and prove its efficacy.
